The purpose of this study was to evaluate the characterization of a new cationic vector. Low generation polypropylenimine (DAB-8) was conjugated to β-cyclodextrin (β-CyD), and the chemical characters of the vector were investigated and confirmed by 1 H NMR, FT-IR, TGA, TEM, particle size, and zeta potential assay. The biological property was identified by MTT assay and gene transfer efficiency was performed in cell lines. The results showed that the new vector had low cytotoxicity and high transfection efficiency in vitro. This suggested that β-CyD-DAB-8 has a potential ability to act as a non-viral vector in gene delivery.
Introduction
Over the past decade, gene therapy has been extensively attempted for curing various inherited or acquired disease. Development of gene therapy relies on vectors that offer an efficient delivery of a gene to the target cell, high transfection efficiency, and persistence of transgene expression (1). However, lack of such DNA carriers was a major hurdle for the success of gene therapy currently. Non-viral vectors such as cationic polymers have gained more and more interest as alternatives to viral vectors because of their low immune response, targetability, and the ease of synthesis and scaling up (2).
Among these cationic polymers, low generation polypropylenimine dendrimers (DABs) were considered to be effective gene transfer systems in vitro. DABs contained up to 64 terminal amino groups and were studied as pH-sensitive controlled release systems for drug delivery (3). The generation of DABs referred to the number of terminal amino groups, for instance, the first generation (G 1 ) contained four terminal amino groups, which was known as DAB-arm-4(DAB-4), and G 2 , G 3 , G 4 , G 5 of DABs contain 8, 16, 32, 64 terminal amino groups, respectively. B. H. Zinselmeyer et al. (4) found that cell cytotoxicity followed the trend DAB-64 > DAB-32 > DAB-16 > DAB-4 > DAB-8, whereas transfection efficacy followed the trend DAB-8=DAB-16 > DAB-4 > DAB-32=DAB-64. For the higher generations (DAB-32 and DAB-64), the toxicity limited their transfection efficiency significantly. The cytotoxicity of cationic polymers depended on the molecular weight, and many efforts had been made by modifying their solubility, biodegradability, and chemical homogeneity. As the low molecular weight DAB displayed less toxicity, it was a useful way to link low generation polypropylenimine to develop a degradable and efficient gene delivery vector (5, 6).
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Cyclodextrins (CyDs) are cyclic (α-1,4)-linked oligosaccharides of α-D-glucopyranose that contains a hydrophobic central cavity and hydrophilic outer surface. They were known to act as novel host molecules (7). The most common CyDs are α-, β-, and γ-CyDs, which consist of six-, seven-, and eight-D-glucopyroanose unites, respectively. CyDs have recently been applied to gene transfer and oligonucleotide delivery, and they were considered to have enhancer activity on DNA transport through cell membranes.
In this study, low generation polypropylenimine DAB(DAB-8) was linked to β-CyD, the properties of it were investigated, and the cytotoxicity and gene expression efficiency in vitro were performed.
Materials and Methods

Materials
(3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), low generation polypropylenimine (DAB-8), 1,1'-carbonyldiimidazole (CDI), DMF, and DMSO were purchased from Sigma-Aldrich (St. Louis, MO, USA).
The plasmid pCAG-Luc was purchased from the Institute of Immunology of the Second Military Medical University. COS7, HepG2, SGC7901, SMMC7721, and RKO cell lines were cultured in RPMI 1640 with 10% fetal calf serum (FCS), 2 mM glutamine, in a 37 ºC incubator with 5% CO 2 .
Synthesis of β-CyD-DAB-8
β-cyclodextrin (0.84g, 0.74 m mol) and 1,1'-carbonyldiimidazole (CDI, 0.80g, 5.2 m mol) was dissolved in 6ml DMF. The mixture was stirred for 1h at room temperature. Precipitated in cold ethyl ether, filtered, dissolved in 5 ml DMSO, and stored at 4 ºC. DAB-8 (3.0g, 3.9 m mol) was dissolved in 3 ml DMSO. Then the activated β-CyD-CDI solution and 0.3 ml Et 3 N were added to the system for 5h. The product was dialyzed for two days, lyophilized for three days to obtain water-soluble polymer. The route of synthesis was showed in Scheme 1.
Characterization of β-CyD-DAB-8 and the Polyplexes of β-CyD-DAB-8/DNA
Chemical Characterization: The 1 H NMR spectra of the polymers were studied using a Bruker 400 MHz NMR spectrometer, and D 2 O was used as the solvent.
FT-IR spectra were conducted on a FT-IR spectrometer (Spectrum 2000, PERKIN ELMER), the samples were pressed into potassium bromide pellets prior to FT-IR analysis.
TGA measurement was carried out on a TA Instrument SDT 2960. It was heated from room temperature to 600 ºC in a dynamic nitrogen atmosphere environment (flow rate was 70 ml/min).
Agarose Gel Electrophoresis Assay:
Agarose electrophoresis (1% agarose) was used to determine DNA binding activity of β-CyD-DAB-8. The polymer/DNA complexes containing 1.0 μg of DNA were prepared at various N/P ratios. Gel electrophoresis was carried out at room temperature in TAE buffer with 1% (w/w) agarose gel at 80 V for 60 min. DNA bands were visualized by an UV illuminator.
Particle Size and Zeta Potential Test:
The particle size and zeta potential of β-CyD-DAB-8/DNA complexes were measured by a 90 Plus Particle Size Analyzer (Brookhaven Instruments Corporation, USA). The concentration of DNA was 1.0 mg/ml, and the N/P ratios were 1, 5, 10, 20, and 50, respectively. The complexes were measured with scattering light at a 90º angle. Each measurement was repeated five times, and an average Scheme 1: The route of synthesis of β-CyD-DAB-8.
value was obtained and reported. The zeta potential measurement was repeated for five runs per sample and an average value was reported.
Electron Microscope Detection:
The morphology of the complex was analyzed by TEM (JEM-2010 TEM) . One drop of the freshly prepared β-CyD-DAB-8/DNA complexes in 0.01% sodium chloride solvent was placed onto a copper grid coated with carbon film and was air dried at room temperature.
Cell viability assay
COS7, HepG2, SGC7901, SMMC7721, and RKO cell lines were cultured in RPMI 1640 supplemented with 10% FCS at 37 ºC, 5% CO 2 . Cells were seeded onto 96-well plates at a
Figure 1:
1 H MNR spectra of (a) β-CyD, (b) DAB-8, (c) β-CyD-DAB-8 in D 2 O. Peaks at 1.2, 1.65, 2.3, and 2.5 ppm were assigned to the protons of -CH 2 CH 2 NH-from DAB-8. Peaks from 3.4 to 3.9 ppm were assigned to the protons of -CH 2 -from β-CyD. density of 10,000 cells/well. The plates were then returned to the incubator, and the media in the wells were replaced with 200 μl of fresh media. Different concentrations of β-CyD-DAB-8 were then added to each well. The plates were then returned to the incubator and were maintained in 5% CO 2 at 37 ºC for 24h. Aliquots of MTT solution were added into each well after the designated period and were cultured for 4 h. After 4 h of incubation, the growth medium in each well was removed, and 150 μl DMSO was added to each well to dissolve the internalized purple formazan crystals. And the plates were measured at 570 nm using ELISA plate reader (Model 550, Bio-Rad). The relative cell growth (%) related to control cells cultured in media without β-CyD-DAB-8 was calculated by [A]test/[A] control × 100%.
In vitro Gene Transfer
The in vitro gene transfection of β-CyD-DAB-8/DNA complexes was performed in COS7, HepG2, SGC7901, SMMC7721, and RKO cell lines. Cells were cultured in 48-well plates at a density of 2.5 × 10 4 /well with 0.8 ml RPMI 1640 containing 10% FCS. After 24 h, the culture media were changed with 0.8 ml serum-free RPMI 1640 containing the complexes of β-CyD-DAB-8/pCAG-Luc at different N/P ratios (5, 7.5, 10, and 20, respectively). The complexes were incubated with the cells for 6 h at 37 ºC, the culture media were changed with fresh one. After 48 h incubation medium, cells of each well were washed with PBS. Reporter lysis buffer (0.1 ml) was then added to each well to lyse the cells. The cell suspension was then frozen at -80 ºC for half an hour and thawed, followed by centrifugation at 14,000 rpm for 5 min. The relative light units (RLU) were measured using luminometer (Berthold Lumat LB 9507, Germany), and normalized to the protein content using protein assay kit (BCA, Pierce).
Results and Discussion
The non-viral vector, polyethylenimine (PEI), poly-(L-lysine), polyamidoamine, poly(L-glutamic acid), as gene delivery agents, had been largely focused on. Polypropylenimine dendrimers (DABs) containing 100% protonable nitrogens, making it ideally suited as DNA binding and possibly DNA transporting agents (3, 8) . It was noted that the dendrimers with high structural flexibility and partially degrading properties appeared to suit certain gene delivery operations more than intact high-generation symmetrical dendrimers. This was due to their enhanced flexibility, which allowed the formation of more compact complexes with plasmid DNA (9). B. H. Zinselmeyer et al. found that the transfection efficacy of DABs followed the trend DAB-8=DAB-16 > DAB-4 > DAB-32=DAB-64 (4). DAB-8 exhibited good DNA binding ability, low cytotoxicity, and high gene transfection efficiency. Scheme 1 showed the synthesis procedures and the structures of β-CyD-DAB-8. Figure 1 showed the 1 H NMR spectra of β-CyD, DAB-8 and β-CyD-DAB-8. The molar ratio of β-CyD and DAB-8 in the copolymer was obtained from the H protons of β-CyD in C-1 and H protons of DAB-8 in -CH 2 -CH 2 -NH-from 1 H NMR integral values. It approved that the ratio of β-CD/ DAB was 1/1.68. FT-IR spectrum showed that a new peak was at 1700 cm -1 , it indicated that a band of O=C-N was appeared in the final product. (Data not shown) .
The DNA binding ability of β-CyD-DAB-8 was evaluated by agarose gel electrophoresis. As showed in Figure 2a , no obvious DNA binding was observed up to N/P ratio of 0.8 (weight to weight). It indicated the efficiency DNA condensing of β-CyD-DAB-8. In addition, the particle size and surface charge were important factors for transfection efficiency. showed a TEM image of β-CyD-DAB-8/DNA complexes at N/P ratio 15, which explored that particle size of the complexes was 100-200 nm. It was a suitable diameter for gene delivery. The result was in good agreement with that measured by 3000HS zetasizer (data not shared). The surface charge of the β-CyD-DAB-8/DNA complex was 20 mV when the N/P ratio over 20 in 5% glucose, indicating that the β-CyD-DAB-8 would provide a strong ability for DNA binding.
Cytotoxicity was a great challenge for non-viral carrier and gene transfection efficiency provided by polymers was limited by their toxicity. DAB of high molecular weight was with highly toxicity and low molecular weight DAB was with low toxicity. After DAB conjugated with β-CyD, the toxicity was not increased at the concentration of 10 μg/ml. Figure 3 showed the cell viability of HepG2, SGC7901, and RKO cell lines as a function of the polymer concentration in comparison with DAB-8. Even at the concentration up to 20 μg/ml, the cell viability was close to 50% (Figures 3a, b,  c) , and the concentration of β-CyD-DAB-8 for in vitro gene transfection study was significantly lower.
In our experiment, in vitro transfection efficiency of β-CyD-DAB-8 was evaluated in COS7 (Figure 4a pCMV-luc report gene at different N/P ratios. In COS7 cell lines, β-CyD-DAB-8 provided much higher transfection efficiency than DAB-8. It showed that at N/P ratio of 10, the gene delivery efficiency of β-CyD-DAB-8 was 100 fold higher than DAB-8 in COS7 cells, 25 fold in HepG2 cells, and 15 fold in SGC7901 cells.
We thought that the gene transfection efficiency induced by non-viral vector was cell type dependent. Figure 5 showed the gene transfection efficiency of β-CyD-DAB-8 and DAB-8 in COS7, HepG2, SGC7901, SMMC7721, and RKO cell lines at N/P ratio of 10. It explored that in COS7 cells β-CyD-DAB-8 yielded higher luciferase expression level, and indicated that the uptake of β-CyD-DAB-8/DNA complexes by COS7 cells might higher than that of other cells.
On the other hand, compared to PEI 25KD, the transfection efficiency of β-CyD-DAB-8 was higher in serum-supplemented medium (data not shown). This result indicated that the β-CyD-DAB-8 was more suitable for in vivo transfection, and implied that the new polymer may be a potential vector for in vivo gene delivery. More work is undergoing to increase the transfection efficiency in vivo and their targeting ability.
Conclusion
A novel non-viral vector of β-CyD-DAB-8 was synthesized and characterized for gene delivery. It provided great capacity for DNA binding, displayed low toxicity compared to DAB-8. The complexes of β-CyD-DAB-8/DNA possessed suitable zeta potential and particle size in vitro experiments, and it explored that the vector had high gene delivery efficiency in various cell lines compared to DAB-8.
